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Hyperpolarization-activated cyclic nucleotide-gated “HCN” channels, which underlie
the hyperpolarization-activated current (Ih), have been proposed to play diverse
roles in neurons. The presynaptic HCN channel is thought to both promote and
inhibit neurotransmitter release from synapses, depending upon its interactions with
other presynaptic ion channels. In larvae of Drosophila melanogaster, inhibition of
the presynaptic HCN channel by the drug ZD7288 reduces the enhancement of
neurotransmitter release at motor terminals by serotonin but this drug has no effect
on basal neurotransmitter release, implying that the channel does not contribute to
firing under basal conditions. Here, we show that genetic disruption of the sole
HCN gene (Ih) reduces the amplitude of the evoked response at the neuromuscular
junction (NMJ) of third instar larvae by decreasing the number of released vesicles.
The anatomy of the (NMJ) is not notably affected by disruption of the Ih gene. We
propose that the presynaptic HCN channel is active under basal conditions and promotes
neurotransmission at larval motor terminals. Finally, we demonstrate that Ih partial
loss-of-function mutant adult flies have impaired locomotion, and, thus, we hypothesize
that the presynaptic HCN channel at the (NMJ) may contribute to coordinatedmovement.
Keywords: Ih gene, HCN channel, neuromuscular junction, presynaptic mechanisms, Drosophila melanogaster
INTRODUCTION
Hyperpolarization-activated Cyclic Nucleotide-gated (HCN) channels underlie the
hyperpolarization-activated current, designated Ih (hyperpolarization-activated current) or If
(funny current). HCN channels have a primary structure that is similar to voltage-gated potassium
channels (Gauss et al., 1998; Ludwig et al., 1998; Santoro et al., 1998); they are tetrameric and
contain individual subunits which are multi-membrane spanning and possess intracellular N- and
C-termini (Lee and Mackinnon, 2017). There are four HCN genes in mammals (HCN1-HCN4),
which are expressed at high level in the heart and nervous system (Accili et al., 2002; Robinson and
Siegelbaum, 2003; Biel et al., 2009). HCN channels are activated by membrane hyperpolarization,
and their opening is facilitated by direct binding of cAMP to a cyclic nucleotide binding site in
the C-terminus (Difrancesco, 1981a; Difrancesco and Tortora, 1991; Wainger et al., 2001; Zagotta
et al., 2003; Chow et al., 2012); the rate of opening and closing, and the effect of cAMP, varies
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between the isoforms, which are coded by different genes
(Altomare et al., 2001; Robinson and Siegelbaum, 2003). In the
mammalian heart, HCN channels are especially enriched in the
sinoatrial node, where their unique activation properties and
sensitivity to cAMP have been proposed to promote pacemaker
activity and proper electrical conduction (Difrancesco, 1993;
Baruscotti et al., 2011). HCN channels and the currents
they produce have also been identified in a wide range of
vertebrate and invertebrate neurons where they have varying
patterns of cellular localization and are thought to contribute to
presynaptic and postsynaptic functions (Pape, 1996; Robinson
and Siegelbaum, 2003; Biel et al., 2009).
Hyperpolarization-activated Cyclic Nucleotide-gated (HCN)
channels have mixed cation permeability, they open and
close with time constants that range from hundreds of
milliseconds to seconds, depending on membrane voltage and
the isoform involved, and mammalian isoforms do not inactivate
(Difrancesco, 1981b; Pape, 1996; Robinson and Siegelbaum,
2003; Biel et al., 2009). The opening of HCN channels
by hyperpolarization leads to depolarization of the resting
membrane potential to ∼ −25 mV, which is the reversal
potential for the channels in physiological solutions. Curiously,
presynaptic HCN channels have been proposed to both promote
and inhibit neurotransmitter release (Biel et al., 2009; Tomlinson
et al., 2010; Trevillion et al., 2010; Howells et al., 2012; Huang and
Trussell, 2014; Lorenz and Jones, 2014; Shah, 2014), which may
depend upon the context provided by the complement of other
ion channels present in particular axons or presynaptic terminals.
For example, in mice, genetic deletion of the HCN1 gene or
pharmacological inhibition of Ih by the drug ZD7288 have been
shown to enhance the frequency of miniature excitatory post-
synaptic potentials onto EC layer III pyramids by promoting the
entry of calcium through T-type calcium channels; this suggests
that Ih normally limits calcium entry into the synapse and reduces
neurotransmission (Huang et al., 2011). Using a combination
of genetic approaches, the presynaptic HCN channel has also
been shown to reduce glutamate release from amacrine cells
in flies by limiting calcium channel activity (Hu et al., 2015).
Conversely, pharmacological inhibition of the presynaptic HCN
channel by ZD7288 has been shown to reduce the stimulation
of neurotransmitter release by serotonin at the neuromuscular
junction (NMJ) of Drosophila melanogaster larvae and crayfish;
notably, however, ZD7288 has no apparent effect on basal release
(Beaumont and Zucker, 2000; Cheung et al., 2006).
Based on these pharmacological data in D. melanogaster,
it appears that Ih does not impact basal neurotransmission.
However, many of the studies that examine the presynaptic
HCN channel use Ih inhibitors which are not specific. Perhaps
the most commonly used Ih inhibitor is ZD7288, which
requires a relatively long incubation and, when used at lower
concentrations (<1 µM), does not inhibit Ih completely
(Bosmith et al., 1993; Qu et al., 2008). Thus, ZD7288 is often used
at concentrations which are known to affect other ion channels.
Few studies have exploited genetic strategies to either
corroborate the actions of ZD7288 on neuronal HCN channels
and Ih (Huang et al., 2011) or to avoid its use altogether (Hu
et al., 2015). To this end, we examined the function of the single
HCN gene in D. melanogaster, Ih. We found that Ih null embryos
are unable to hatch, whereas Ih hypomorphs are viable but as
adults exhibit long periods of inactivity, impaired climbing and
decreased lifespan. To obtain direct evidence for a contribution
of Ih to presynaptic signaling, we performed electrophysiological
recordings at the (NMJ) of late third instar larvae. We found
that the evoked potentials and quantal content were reduced
in Ih hypomorphs. We propose that presynaptic Ih promotes
basal neurotransmitter release at the presynaptic motor terminal
as well as serotonin-induced neurotransmitter release which
was shown previously (Beaumont and Zucker, 2000; Cheung
et al., 2006). Finally, we found that Ih hypomorphic adult flies
display a notable lack of coordinated movement. Promotion of
neurotransmission at motor terminals by the presynaptic HCN




The P[GSV2] GS50880 transposable element insertion in the Ih
gene (CG8585) was crossed to a12-3 transposase line to generate
a series of precise and imprecise genomic excision events.
Candidate alleles were screened using PCR and complementation
analysis with an Ih deficiency allele, Df (2R)Exel[17131]. A
precise excision line with the smallest footprint (32 bp) was
used as a control allele. Although three start codons remain
in the excised P[GSV2] footprint, it was not predicted to
disrupt any of the coding sequences of the gene, and Ih cDNA
immediately downstream of the insertion site was not reduced in
flies containing this footprint (Figure 1C). Importantly, precise
excision IhPE alleles exhibited wild type gene activity in all
molecular and behavioral tests. Imprecise excision events were
observed in two lines, which did not produce homozygotic
animals and failed to complement a deficiency through Ih.
Reverse-transcriptase PCR was used to test transcript levels in
different alleles; confirming transcript loss in imprecise excision
IhIE (null) and wild type levels in precise excision IhPE (revertant
control). Candidate alleles, including precise and imprecise
alleles, as well as the original insertion line(s) were out-crossed
five times to an isogenic w− strain to eliminate potential
second site mutations and improve their utility in behavioral
assays. Mutants were kept over CyO,Act-GFP TM3,Ser,Act-GFP
or CyO, twiGAL4,UAS-2xEGFP or TM3,Sb,Ser,twiGAL4,UAS-
2xEGFP. Isogenic w1118 was used as the control genotype. Flies
were maintained at 25◦C, 70% humidity on standard cornmeal
food.
Molecular Biology
Genomic DNA was extracted from Stage 17 embryos, late
third instar larvae, or freshly-eclosed adult flies using
DNAzol (Invitrogen) for screening through the entire Ih
locus using PCR. For reverse-transcriptase PCR reactions,
total RNA was extracted using Qiazol (Qiagen), followed
by standard chloroform precipitation and purification with
the Zymogen RNA clean-up kit. Total RNA was reverse
transcribed with the iScript cDNA synthesis kit (BioRad). The
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FIGURE 1 | Genetic excision of the fly HCN channel. (A) A cartoon showing the predicted topology of a full-length HCN channel subunit in Drosophila
melanogaster. Functional channels consist of four subunits (inset) and open in response to membrane hyperpolarization. All Ih alleles used in this study are listed on
the lower left. The GS transposable element (Flybase P[GSV2] GS50880) was used to generate precise and imprecise excisions. Cartoon adapted from Biel et al.
(2009). (B) A genomic map of the Ih locus on the second chromosome showing exon structure of Ih transcripts. The locations of transposable element insertions are
intronic and are indicated with dotted lines. Map adapted from Flybase. (C) A gel showing fragments produced by genomic PCR (left) and reverse-transcriptase PCR
(right), after genetic disruption of Ih in E17 embryos as indicated. All lines were out-crossed five times to an isogenic w- wild type line. Primers correspond to the
region of exons 4–6 in Ih mRNA, immediately downstream of the intronic P[GSV2] insertion site. (D) Confocal images of embryos comparing in situ hybridization of Ih
mRNA expression in IhIE /CyO,Twi-GFP heterozygotes (left) with that of IhIE /IhIE null embryos (right). Digoxigenin-UTP-labeled RNA probes to the Ih gene were
generated using the same primers as in (C). Note the absence of Ih expression in IhIE /IhIE null embryos. Fluorescence on the right arises from autofluorescence of the
larval gut. Scale bars = 50 µm.
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following primers were utilized to determine the presence
or absence of exons 4-6: 5′-GCTGCTCCTATTGCTCGGTG,
3′-GTTCAGCGTTGTCTTGTTGC. This region translates to the
first three transmembrane domains of the wild type channel.
In situ Hybridization and Imaging
Digoxigenin-UTP-labeled RNA probes to the Ih gene were
generated using the Roche DIG labeling kit. Primers used were
the same as described above. For each allele, timed grape
plate collections were used to collect age-matched 12–15 h
embryos, which were immediately fixed in 4% PBS-buffered
formaldehyde. Probe hybridization was carried out as described
in Weiszmann et al. (2009). Briefly, embryos were incubated
overnight at 55◦C in a solution containing DIG-labeled probe
in 50% formamide, 3X saline-sodium citrate buffer and 0.01%
Tween-20. Embryos were washed extensively, blocked with
5% donkey serum in 0.1% Triton-X-100 and incubated for
2 h with α-DIG-POD (Fab fragments from polyclonal anti-
digoxigenin antibodies, conjugated to horseradish peroxidise
used at a dilution of 1:2000), followed by 30min developing with
a tyramide signal amplification (TSA) developing agent. Embryos
were then washed and incubated overnight with a chicken α-GFP
1◦ antibody (1:1000). The following day, embryos were incubated
for 1 h with α-chicken-Alexa 649 2◦ antibody (1:500), washed and
mounted on slides with VectaShield.
For imaging of the (NMJ) at muscles 4 and 6/7, third
instar larval filets were pinned out on Sylgard and fixed with
4% PBS-buffered formaldehyde. Fixed filets were blocked for
2 h with 5% donkey serum in 0.1% Triton-X-100, followed
by overnight incubation with mouse α-Bruchpilot (1:50). The
following day, filets were washed and re-blocked for 1 h, followed
by a 2 h incubation in the dark with α-mouse Cy3 (1:100), α-
HRP Cy5 (1:50) and α-phalloidin FITC (1:500), washing and
mounting with VectaShield. All imaging was performed using
an Olympus FV1000 laser scanning confocal microscope and
imaged processed in Adobe Photoshop.
Behavior
For embryo hatching assays, timed embryo collections were used
to collect age-matched Stage 17 embryos overnight. For each
genotype, 20–50 dechorionated embryos were isolated on one
side of a fresh grape agar plate with a small amount of yeast
paste on the opposite side. After 6 h, the numbers of hatched
and unhatched embryos were counted. Plates were re-examined
after 24 h, and in all cases embryos that did not hatch in the
first 6 h remained unhatched. A minimum of 100 embryos were
examined for each genotype. The genotypes were compared using
Fisher’s exact test.
For climbing assays, age-matched, and freshly eclosed male
adult flies from each genotype were collected in groups of ten.
Each vial was assayed for climbing at days 1, 5, 9, 13, 17, and
21 post-eclosion. Climbing index was calculated as the average
percentage of flies to reach a 4 cm line in 8 s after they were gently
tapped to the bottom of a clean, empty vial. For each genotype,
4–6 sets of 10 males were measured four times and averaged,
first among trials and then among sets. One-way ANOVA with
Tukey’s multiple comparisons test was performed among all
genotypes for each day. For lifespan assays, fifty age-matched
adults were isolated by sex in groups of ten. The number of dead
flies was recorded each day until no live flies remained. Fresh food
was provided daily.
Electrophysiology
Sharp electrode recordings were taken from muscle 6 in
abdominal segments 2 or 3 of third instar larvae, as previously
described (Jan and Jan, 1976; Frank et al., 2006, 2009; Brusich
et al., 2015). For recording, sharp electrodes were pulled
using a P-97 micropette puller (Sutter Instruments) to an
approximate resistance of 15 M and filled with 3M KCl.
Larvae were dissected in a modified HL3 saline containing: NaCl
(70mM), KCl (5mM), MgCl2 (10mM), NaHCO3 (10 mM),
sucrose (115mM = 3.9%), trehalose (4.2mM = 0.16%), HEPES
(5.0mM = 0.12%), and CaCl2 (0.5 mM). Only muscles with a
resting potential of −60 mV or lower and an input resistance of
5 M or greater were accepted for recording. Recordings were
made using Axopatch 200B (in bridge mode) or Axoclamp 900A
amplifiers (Molecular Devices, Sunnyvale, CA), digitized using
a Digidata 1440A data acquisition system (Molecular Devices),
and recorded with pCLAMP 10 acquisition software (Molecular
Devices). For presynaptic nerve stimulation, a Master-8 pulse
stimulator (A.M.P. Instruments, Jerusalem, Israel) and an ISO-
Flex isolation unit (A.M.P. Instruments) were utilized to deliver
1ms suprathreshold stimuli to the appropriate segmental nerve
through a fire-polished glass electrode filled with recording
saline. For evoked events, stimuli were applied at a frequency of
1Hz. For evoked trains of stimuli (used to analyze paired-pulse
responses), a frequency of 10Hz was used.
For each NMJ, ∼100–200 spontaneous miniature excitatory
postsynaptic potential (mEPSP) events were recorded. Each
spontaneous event was analyzed by hand. From this analysis, an
average mEPSP size for each muscle was calculated, as was an
average mEPSP frequency for each muscle. To generate mEPSP
cumulative size distribution histograms for each genotype, the
first 75–100 mEPSPs per muscle were chosen and added to the
analysis. As a result, a minimum of 800 separate spontaneous
events were analyzed per genotype.
Thirty evoked excitatory postsynaptic potentials (EPSP) per
muscle were recorded and averaged. Quantal content (QC) was
calculated for every muscle by dividing the average EPSP/average
mEPSP. Since this EPSP/mEPSP QC estimate is accurate only
for sufficiently small EPSPs, QC was then corrected for non-
linear summation (NLS QC) as previously described (Martin,
1955). To correct QC for non-linear summation, the calculated
EPSP/mEPSP quotient for each muscle was multiplied by a
correction factor, derived from (Martin, 1955): (1–EPSP/Vo)
−1.
Vo is defined as the maximum electromotive force and was
determined for each NMJ based on the muscle resting potential.
Electrophysiological data for each genotype were reported
as mean ± SEM, and analyzed for statistical significance
using ANOVA with a Tukey’s post-hoc test to account for
multiple comparisons (GraphPad Prism). For the mEPSP
cumulative probability histogram, data were analyzed for
statistical significance using a Kruskal-Wallis test with a Dunn’s
multiple comparisons post-hoc test (GraphPad Prism).
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RESULTS
Imprecise Excision of the Single HCN
Gene, Ih, Is Homozygous Lethal
The HCN gene in D. melanogaster, Ih, produces a channel that
is similar in structure and function to the four mammalian
HCN isoforms and other invertebrate HCN isoforms (Gauss
et al., 1998; Ludwig et al., 1998; Santoro et al., 1998; Ishii et al.,
1999; Marx et al., 1999; Gisselmann et al., 2005; Jackson et al.,
2012). Despite their distinctive properties, HCN isoforms have
significant sequence homology with channels in the voltage-gated
potassium channel superfamily, for which the crystal structure
has been solved (Doyle et al., 1998; Lee et al., 2005; Long et al.,
2005). By extrapolation, HCN subunits are predicted to have
six transmembrane helices (S1–S6) with a cytosolic N and C-
terminus. The subunits combine as tetramers to form the ion
conducting channel (Figure 1A). The C-terminus contains a
cyclic nucleotide-binding domain, which is connected to the
sixth transmembrane domain, which forms the pore, by a region
known as the C-linker (Wainger et al., 2001; Robinson and
Siegelbaum, 2003; Zagotta et al., 2003).
To disrupt the Ih gene in Drosophila, we used transposase-
based excision of an intronic P element. In Figure 1B, the
position of two intronic insertional mutants, the P element
P[GSV2]GS50880 and the piggyBac element pBac(RB)[e01599],
are shown relative to the Ih gene structure. These insertions
were selected because they occur in an intron shared by most
predicted Ih transcripts (Figure 1B). We mobilized the P[GSV2]
element and screened a large set of independent excision lines for
lethality, then used PCR to amplify regions of the Ih locus from
the most viable and most lethal strains by PCR to identify the
underlying molecular lesion.We isolated a viable precise excision
strain, designated IhPE, for use as a revertant control. Several
homozygous lethal excision alleles also failed to complement an
Ih deficiency, IhDf . Of these, a lethal imprecise excision strain,
designated IhIE, had a large deletion that ablated the entire Ih
locus. All alleles were outcrossed five times to an isogenic w1118
control strain in order to remove second-site mutations.
Next, we confirmed that Ih mRNA is absent in the IhIE
genotype by reverse-transcriptase polymerase chain reaction
(RT-PCR) and in situ hybridization. Figure 1C shows the
amplification of both genomic (left) and complementary DNA
(right) purified from stage 17 embryos. The amplified region
corresponds to the first three transmembrane domains of the
Ih channel, and was chosen for analysis as it is immediately
downstream of the insertion site of the P(GSV2) transposable
element. The band corresponding to this region is absent from
IhIE/IhIE embryonic gDNA and cDNA, but is present in IhPE/IhPE
controls. Notably, the band is also present in cDNA from
IhRB/IhRB and IhGS/IhGS embryos, suggesting that mRNA is
spliced normally in spite of the large transposon insertions
immediately upstream.
To confirm mRNA knockdown and observe the wild
type distribution of Ih message, in situ hybridization was
also performed on IhIE embryos. In IhIE/CyO, Twi-GFP
heterozygotes, a DIG-labeled RNA probe to the same region
as in Figure 1C generates a hybridization signal throughout
the central nervous system (Figure 1D, left). By contrast,
IhIE homozygotes exhibit a complete absence of neuronal
DIG labeling (right), indicating that Ih mRNA is absent
from these embryos, supporting our conclusion that IhIE is a
null.
Ih Nulls are Late Embryonic Lethal
To determine the IhIE null lethal phase, we isolated
dechorionated IhIE/IhIE embryos from their heterozygous
siblings at embryonic stage 17 to observe hatching behavior.
Homozygous embryos were observed for 24 h, and in all
cases died without hatching (Figure 2A). When the vitelline
membrane was removedmanually, homozygotic larvae displayed
severely reduced motility and did not develop beyond the first
instar stage, dying within 24 h. This observation suggests that
the Ih gene is essential and that channel may play a role in larval
locomotion. Figure 2B shows that, within 6 h, the percentage
of hatched eggs was severely reduced in the IhIE/IhIE and
IhIE/IhDf genotypes and only mildly reduced in the IhGS/IhGS
and IhGS/IhDf genotypes.
Disruption of the Ih Gene Does Not Modify
Larval Synaptic Morphology but Reduces
the Number of Effective Vesicles Released
by Presynaptic Terminals
We next examined the morphology of the larval NMJ to
determine if it was altered in third instar larvae with a disrupted
Ih gene. For these experiments, we focused on non-lethal
hypomorphic allelic combinations (i.e., IhIE/IhRB, IhIE/IhGS),
which survive to the third instar larval stage and can thus be
analyzed at late larval stages. Figure 3A shows representative
confocal images of muscle 4 NMJs in third instar larval filets,
stained with α-HRP to visualize neuronal membranes and
α-Bruchpilot to reveal active zones. IhIE/IhRB hypomorphic
NMJs (right) were similar in appearance to those of wild
type larvae (left), a result that was also observed at muscle
6/7 (not shown). Neuronal branching and number of boutons
were quantified for both muscle 4 and muscle 6/7 NMJs,
revealing no significant differences between the IhIE/IhRB mutant
NMJs and w1118 (isogenic wild-type) control NMJs (p > 0.05,
Figure 3B).
To determine the role of the Ih gene in neurotransmission
at the NMJ, we carried out electrophysiological recordings
from muscle 6/7 of third instar larvae (representative
electrophysiological traces, Figure 4A). For the heteroallelic
loss-of-function mutant combinations, IhIE/IhRB and IhIE/IhGS,
excitatory postsynaptic potentials (EPSPs) were significantly
reduced compared to wild-type w1118 controls (Figure 4B).
By contrast, larval NMJs homozygous for the precise excision
IhPE/IhPE allele had evoked potentials that were indistinguishable
from wild type (Figure 4B). Together, these results suggest that
loss-of-function lesions in the Ih locus impair neurotransmission.
We noted that EPSP decay kinetics were unchanged between
mutants and controls (Figure 4C). This result demonstrated
unchanged timing for muscles to process a response to
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FIGURE 2 | Homozygotic excision of the Ih gene is embryonic lethal. (A) Photograph comparing stage-matched heterozygous and homozygous IhIE embryos.
IhIE /+ embryos (upper row) hatch normally at stage 17, whereas IhIE /IhIE embryos develop to stage 17 but fail to hatch and die within 24 h. (B) Bar graph showing
the percentage of hatched embryos among an Ih allelic series. Stage-matched embryos were aligned on grape plates and hatching was scored after 6 and 24 h (not
shown). IhIE /IhIE and IhIE /IhDf embryos had a near-zero hatching rate. Fisher’s exact test was used to determine p-values *p < 0.05, ***p < 0.0001.
neurotransmitter, which likely reflects unchanged postsynaptic
development.
Nevertheless, we were uncertain if the diminished evoked
amplitudes for Ih mutants reflected diminished presynaptic
neurotransmitter release or a diminished capacity of the
muscle to detect neurotransmitter. To address this question,
we turned to additional electrophysiological measures. We
found that the average amplitude of spontaneous miniature
excitatory postsynaptic potentials (mEPSPs)—an indicator of
muscle sensitivity to single vesicles of neurotransmitter—was
not significantly altered when comparing Ih mutants either
to wild type or to precise excision controls (Figure 5A).
Interestingly, mEPSP frequency varied somewhat between
genotypes (Figure 5B), but was not significantly changed for
the Ih mutants. Additionally, we measured and plotted the
cumulative probability of mEPSP amplitude for all genotypes
(minimum 800 mEPSPs analyzed per genotype, see Methods).
By this analysis, there was a slight—and statistically significant—
decrease in the cumulative size distribution of mEPSPs for the
IhIE/IhRB genetic combination (Figure 5C), but no significant
difference between any of the other combinations.
To test the idea that diminished presynaptic vesicle release
was responsible for reduced EPSP amplitudes, we calculated
quantal content (QC) for each individual NMJ by dividing
average EPSP amplitude/average mEPSP amplitude (Figure 5D).
Since the evoked events were sufficiently large, we corrected
QC for non-linear summation by using an established method
(Martin, 1955; Figure 5E). We found a robust reduction in
release for both Ih hypomorphic combinations, comparing
either to wild-type controls or to precise excision IhPE/IhPE
controls (Figure 5E). This reduction is consistent with the
reduction in EPSP amplitude. Our data suggest that reduced
neurotransmission may account, at least in part, for the observed
locomotor defects in homozygotic Ihmutant larvae.
To test the idea that probability of release could be decreased
in Ihmutants, we challengedNMJs of all recorded genotypes with
short 10Hz stimulus trains and analyzed the amplitude of the first
two pulses to determine the paired pulse ratio (EPSP2/EPSP1,
Figure 5F). Classically, one would expect synapses with a lower
probability of release to have higher paired pulse ratios–
due to a rapid accumulation of Ca2+ in the presynaptic
cleft and recruitment of presynaptic vesicles upon inducing a
second pulse. Consistent with the EPSP data, both Ih mutant
combinations showed a higher paired pulse ratio than wild-
type and precise excision controls. For our data sets, only the
IhIE/IhRB combination achieved statistical significance (p = 0.01
by ANOVA vs. w1118). By contrast, the IhIE/IhGS combination
achieved a similar elevated EPSP2/EPSP1 ratio vs. w1118, but only
trended toward statistical significance (p= 0.18).
Ih Hypomorphs Exhibit Adult Motility
Defects
To examine how the Ih gene impacts motility in adult flies, we
first examined flies containing transposon mutational insertions
into the Ih gene. When we placed the two independent
insertions, P[GSV2]GS50880 and pBac(RB)[e01599], over an
Ih deficiency, IhDf , we observed a similar motility phenotype
in homozygous adult flies that included poor balance and
spontaneous tremors as well as an abbreviated lifespan
(Supplementary Figure 1). Due to the embryonic lethality of
IhIE/IhIE homozygotes, we focused on the IhIE/IhRB genotype in
order to characterize the effects of the Ih imprecise excision in
adult flies. Figure 6A shows representative images of 15 day-old
IhIE/IhRB and IhRB/IhRB adults, and highlights the hyperactive
limb movement observed in these alleles compared to wild
type adults. We found that the abnormal motility observed
IhIE/IhRB flies is comparable to that of IhRB/IhRB flies (see
Supplementary Videos 1–3).
In order to quantify the impaired motility of mutant Ih
alleles, we assayed climbing behavior of adult flies (Figure 6B).
A climbing index was established by measuring the percentage
of adults able to climb four centimeters in 8 s. The climbing
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FIGURE 3 | Ih disruption does not modify synaptic morphology in larval motor terminals. (A) Confocal images of the muscle 4 neuromuscular junction in wild
type (left) and IhIE /IhRB (right) third instar larvae. Neuronal membranes were labeled with α-HRP (white) and synaptic active zones were labeled with α-Bruchpilot.
Scale bars = 20 µm. (B) Histograms comparing the number of branches (left) and boutons (right) at the larval neuromuscular junction. No significant differences in
branch or bouton number were observed between alleles (p > 0.05) using one-way ANOVA with Tukey’s multiple comparisons test.
indices of IhRB/+ and IhDf /+ heterozygotes, as well as that of
precise excision homozygotes (IhPE/IhPE) were not significantly
different from wild type flies throughout the course of the
experiment (p > 0.05 on day 17). In contrast, all hypomorphic
allelic combinations tested, included IhIE/IhRB, IhRB/IhRB, and
IhDf /IhRB, had a dramatically lower climbing index than that of
wild type flies by day 5 after eclosion (Figure 6B, p< 0.001 in all
comparisons). As predicted, the IhIE/IhRB allele had the weakest
climbing index, dropping to zero by the secondweek. Our finding
that climbing ability is strongly compromised in a series of adult
Ih mutant alleles is consistent with a role for the HCN channel
in maintenance of basal synaptic function at the neuromuscular
junction.
DISCUSSION
We examined the functional consequences of Ih gene disruption
in D. melanogaster. Notably, electrophysiological recordings
show that Ih gene hypomorphs exhibit reduced synaptic
transmission at the NMJ in larvae because of a reduction
in the number of effective vesicles released by presynaptic
motor terminals. Previously, pharmacological inhibition of the
presynaptic HCN channel by ZD7288 was shown to reduce the
stimulation of neurotransmitter release by serotonin at the NMJ
of D. melanogaster larvae, but this drug had no effect on basal
neurotransmitter release in flies or in crayfish (Beaumont and
Zucker, 2000; Cheung et al., 2006). A lack of an effect on basal
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FIGURE 4 | Ih disruption reduces evoked potentials in larval motor terminals. (A) Representative electrophysiological recordings from the neuromuscular
junction. Scale bars for EPSPs (mEPSPs): 5 mV (1 mV); 50ms (1000ms). (B) Plots of average evoked EPSPs in muscle recorded in response to nerve stimulation vs.
genotype. Each point represents the average of 30 EPSPs recorded from a single muscle (1Hz), and each bar represents the average (± SEM) of all muscles
recorded for the given genotype. EPSPs recorded from both experimental groups (IhIE /IhRB and IhIE /IhGS) are significantly smaller than those recorded from the wild
type (***p < 0.001 for IhIE /IhRB vs. w1118 control; **p = 0.002 for IhIE /IhGS vs. w1118 control by one-way ANOVA with Tukey’s post-hoc to control for multiple group
comparisons), whereas those recorded from the precise excision (IhPE /IhPE ) are not significantly different from wild type EPSPs (p = 0.54 vs. w1118 ). (C) Plots of
average EPSP decay (90% peak to 10% peak) times for all recorded genotypes. Point data and averages displayed as in 4B. No genotype showed any statistically
significant difference in evoked potential decay (p ranged from 0.44 to 0.98 for all possible pairwise comparisons by one-way ANOVA with Tukey’s post-hoc).
release by ZD7288 could have resulted from a compensating
inhibition of other ion channels or from an incomplete inhibition
of Ih that still allows enough HCN channel activity to maintain
basal release. Alternatively, the reduced evoked release we
observed may be due to alterations in other presynaptic ion
channels resulting from the chronic loss of the Ih gene.
How might loss of presynaptic HCN channels reduce
the number of effective vesicles released? Hyperpolarization-
induced activation of the HCN channel normally depolarizes
the membrane potential because of its permeability to both
sodium and potassium ions. Thus, the activity of presynaptic
HCN channels may depolarize the membrane voltage in the
distal axon and motor terminal, and stimulate calcium influx by
activating voltage-gated calcium channels, which then promotes
release of neurotransmitter-containing vesicles. Alternatively, the
channel may interact directly with synaptic release machinery
upon activation and promote neurotransmitter release; this has
been suggested previously as the mechanism by which serotonin
augments neurotransmitter release in the NMJ of the crayfish
(Beaumont and Zucker, 2000).
Using a combination of genetic approaches, presynaptic Ih
has been shown to reduce glutamate release from amacrine cells
in flies by limiting the activity of Cacophony (Cac)-containing
(CaV2 alpha1 subunit) calcium channels (Hu et al., 2015). CaV2
channels are critical for appropriate evoked neurotransmission
at the NMJ, as well as the execution of plastic modulations of
neurotransmission, as seen with homeostatic synaptic plasticity
(Rieckhof et al., 2003; Xing et al., 2005; Frank et al., 2006;
Frank, 2014). Based on the data garnered in amacrine cells, Ih
could promote neurotransmission through CaV2 regulation at
the NMJ.
In the mouse, inhibition of low threshold voltage-gated T-type
(CaV3.2) Ca
2+ channels by presynaptic Ih has also been noted
in synaptic terminals in entorhinal cortical layer III pyramidal
neurons (Huang et al., 2011). Thus, in general, the presynaptic
HCN channel may either stimulate or inhibit neurotransmitter
release, depending upon the neuronal type and the context
provided by other ion channels in the terminal axon and synapse.
Disruption of the Ih gene leads to a range of behavioral defects
in adult flies, which include tremors, imbalance, decreased
motility, and shortened lifespan. Homozygotic disruption of the
Ih gene by imprecise excision produced a lethal phenotype, in
which embryos did not hatch. Even when the vitelline membrane
was removed manually, null IhIE homozygotic larvae moved
slowly and did not survive beyond the first instar (within 24 h).
Thus, the inability of the embryos to hatch was likely due to
reduced motor activity. A previous study carried out a partial
Ih deletion strategy which produced an allele that did not cause
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FIGURE 5 | Ih disruption diminishes presynaptic vesicle release. (A) Plots of average quantal size (mEPSP amplitude) for each genotype. Each point represents
100–200 spontaneous mEPSP events measured and averaged for a single muscle; each bar represents the average (± SEM) mEPSP amplitude for each genotype.
There are no significant differences in average quantal size among the genotypes (p ranges from 0.35 to 0.99 for all possible pairwise comparisons by one-way
ANOVA with Tukey’s post-hoc). (B) Plots of average spontaneous mEPSP frequency for each genotype. Point data and averages displayed as described in 5A.
Neither Ih hypomorphic combination significantly differs from controls (p > 0.1 vs. w1118 by one-way ANOVA with Tukey’s post-hoc). (C) Cumulative probability
histograms of quantal size for each genotype examined. A minimum of 800 spontaneous mEPSP events over a minimum of 9 NMJs were analyzed for each
genotype. Compared to control genotypes, IhIE /IhRB shows a slight diminishment in mEPSP size, assessed by cumulative probability (Kruskal-Wallis Test with Dunn’s
multiple comparisons post-hoc). However, IhIE /IhGS shows no significant difference compared to controls. (D) Plots of quantal content (QC) determined from evoked
potentials recorded in muscle in response to electrical stimulation vs. genotype. Each point represents the average of 30 EPSPs in one muscle divided by the average
of 100–200 mEPSPs recorded from the same muscle. Bars are the average for each genotype (± SEM). Quantal content is reported as an uncorrected (average
EPSP/average mEPSP). By this measure, both Ih hypomorphic combinations have diminished QC compared to w1118, but neither reaches statistical significance (p >
0.14 vs. w1118 by one-way ANOVA with Tukey’s post-hoc). (E) Plots of quantal content corrected for non-linear summation (NLS, See Methods). Points and averages
plotted as in 5D. Both Ih hypomorphic combinations have diminished NLS QC compared to w1118 (**p = 0.006 for IhIE /IhRB; *p = 0.05 for IhIE /IhGS vs w1118
one-way ANOVA with Tukey’s post-hoc). (F) Paired-pulse plots (EPSP2/EPSP1) measured from short 10 Hz trains of evoked stimuli for each genotype. Point data are
from the average of two separate paired pulse recordings per muscle and bars are the average (± SEM) for each genotype. The IhIE /IhRB combination achieved
statistical significance (**p = 0.01 by ANOVA vs. w1118). The IhIE /IhGSV combination achieved a similar elevated EPSP2/EPSP1 ratio vs. w1118, but only trended
toward statistical significance (p = 0.18).
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FIGURE 6 | Ih disruption compromises adult motility in Drosophila melanogaster. (A) Photographs of wild type, IhIE /IhRB and IhRB/IhRB adult flies aged 15
days. Hypomorphic flies exhibit compromised posture and are hyper-excitable compared to wild type, including spontaneous leg tremors (arrowheads) and
seizure-like episodes. (B) Graph of adult climbing ability over time for a series of Ih alleles, using a negative geotaxis assay. Groups of 8–10 flies were tested for their
ability to climb 4 cm in 8 s. The percentage of flies reaching 4 cm (the climbing index) was averaged among 4 trials for each group. 4–6 vials per genotype were
assessed every 5 days. Climbing index was observed to decrease significantly over time in Ih hypomorphic mutants compared to wild type using one-way ANOVA
with Dunnet’s multiple comparisons test. (**p < 0.001 by day 5, ***p < 0.0001 by day 17).
embryonic lethality (Gonzalo-Gomez et al., 2012). The more
robust phenotype observed in our null allele may be due to the
fact that our approach using imprecise P-element excision ablated
the majority of the Ih locus.
Adult hypomorphic mutant flies demonstrated an overall
phenotype that is remarkably similar to that observed in mice
either lacking the HCN2 isoform (Ludwig et al., 2003), or
possessing a C-terminal truncated form of this isoform (Chung
et al., 2009). Upon HCN2 knockout, mice are hypoactive, show
a wide-based and abnormal gait, and exhibit a tremor (Ludwig
et al., 2003). Video recordings and EEGs show that these
mice suffer from absence epilepsy and frequent concomitant
spike-wave discharges, which contribute to hypoactivity. Mice
possessing a C-terminal truncated HCN2 channel possess a
phenotype which is referred to as apathetic (Chung et al., 2009);
they exhibit ataxia, generalized spike–wave absence seizures,
and tonic–clonic seizures. Homozygotic apathetic mice cannot
coordinate swimming when forced to do so, and have difficulty
with balance. For example, they fall to one side when standing on
their hind legs to feed. Furthermore, apathetic homozygotes, but
not heterozygotes, exhibit uncoordinated movement, unsteady
gait and intention tremor. Finally, apathetic homozygotes die
prematurely from unknown causes. The mechanism by which
the genetic disruption of the Ih/HCN channel leads to these
phenotypes in mice remains unknown, but it could be related
to its role in altering neurotransmission at the neuromuscular
junction.
There are few published reports on the HCN channel in
D. melanogaster. Disruption of the Ih gene has been proposed
previously to decrease life span and modify sleep and dopamine
levels in adult flies (Chen and Wang, 2012; Gonzalo-Gomez
et al., 2012). It seems reasonable to expect that the fly model will
yield significant insight into structure, function and physiology of
mammalian HCN channels, given the pertinent data contained
in the few studies carried out to date (Marx et al., 1999;
Gisselmann et al., 2005; Cheung et al., 2006; Gonzalo-Gomez
et al., 2012; Hu et al., 2015) and the considerable impact
that the fly has had on other understanding closely-related
voltage-gated ion channels (Littleton and Ganetzky, 2000; Cirelli
et al., 2005). In particular, the fly offers a desirable model
system to examine presynaptic Ih and its interactions with
other presynaptic channels and proteins by exploiting genetic
approaches and not relying exclusively on Ih inhibitor drugs, such
as ZD7288.
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